Background and Purpose-The purpose of this study was to determine the accuracy of a risk index in symptomatic or asymptomatic carotid stenoses. Methods-Consecutive patients presenting 50% to 99% carotid stenoses were included. A semiautomated gray scale-based color mapping (red, yellow, and green) of the whole plaque and of its surface was achieved. Surface was defined as the region located between the lumen (Level 0) and, respectively, 0.5, 1, 1.5, and 2 mm. Risk index was based on a combination of degree of stenosis and the proportion of the red color (reflecting low echogenicity) on the surface or on the whole plaque. Results-There were 67 (36%) symptomatic and 117 (64%) asymptomatic carotid stenoses. Risk index values were higher among symptomatic stenoses (0.46 mean versus 0.29; PϽ0.0001); on receiver operating characteristic curves, risk index presented a stronger predictive power compared with degree of stenosis or surface echogenicity alone. Also, in a regression model including age, gender, degree of stenosis, surface echogenicity, gray median scale of the whole plaque, and risk index, risk index measured within the surface region located at 0.5 mm from the lumen was the only parameter significantly associated with the presence of symptoms (OR, 4.89; 95% CI, Pϭ0.0000002). The best criterion to differentiate between symptomatic and asymptomatic stenoses was a risk index value Ͼ0.36 (sensitivity and specificity of 78% and 65%, respectively). Conclusions-Risk index was significantly higher in the presence of symptoms and could therefore be a valuable tool to assess the clinical risk of a carotid plaque. (Stroke. 2012;43:1260-1265.)
t present, the decision whether to intervene or not on carotid stenoses relies mainly on the severity of the degree of stenosis. Several studies demonstrated, however, that many highly stenotic lesions remain asymptomatic even after years, whereas others, with a more moderate degree of stenosis, tend to progress and are responsible of a stroke or transient ischemic attack much more rapidly. 1, 2 Degree of stenosis alone may therefore not be sufficient to evaluate the risk of stroke and additional markers are therefore needed to better identify subgroups of high-risk patients who would benefit most from surgery or angioplasty. Plaque morphology also plays an important role in the occurrence of cerebrovascular events and may be a predictor of the risk of ipsilateral stroke as well. [3] [4] [5] [6] [7] [8] [9] Two types of advanced carotid artery disease are described: 1 form, stable and unlikely to produce symptomatic embolization and a second form, although not necessarily being more stenotic, unstable, and at high risk of cerebrovascular disease. 10, 11 To take into account the hemodynamic factor as well as the structure of the plaque, we developed on ultrasound a risk index (RI) based on a combination of degree of the stenosis and echogenicity of plaque surface. The aim of our study was to evaluate the accuracy of this RI in a cohort of consecutive patients presenting symptomatic or asymptomatic carotid stenoses and to compare this method with other well-established parameters including degree of stenoses alone and gray median scale of the whole plaque.
Patients and Methods
Consecutive patients presenting a 50% to 99% carotid stenosis were included in the study. During a 3-year period from 2006 to 2009, we identified 162 patients presenting a 50% to 99% carotid stenosis. There were 2 groups of patients: patients with a history of a recent stroke or transient ischemic attack referred to our neurosonology unit from the neurology or internal medicine departments and patients referred to our unit for investigations of a cervical bruit or a syncope and in whom an asymptomatic carotid stenosis was discovered. The clinical history, presence of vascular risk factors, and treatment were assessed. Patients were considered as symptomatic whenever they presented cerebrovascular events (transient ischemic attacks or stroke) within the previous 3 months in the territory of the stenosed internal carotid artery (Table 1) . Patients with a concomitant untreated cardiac pathology were excluded from the study. All investigations were performed using a diagnostic ultrasound device (eg, Acuson Sequoia Apparatus, 7.5-MHz probe). Degree of stenosis including longitudinal and transverse sections by color Duplex imaging and by power mode was evaluated. The morphological lumen reduction assessment in diameter was combined with peak systolic velocities at the level of the stenosis as well as with the internal carotid artery/common carotid artery ratio. The following values were used to distinguish 2 different groups of degree of stenosis: 50% to 69% with peak systolic velocities Ͼ120 and Ͻ220 cm/s and internal carotid artery/common carotid artery Ͼ1.5 and Ͻ3.7; and 70% to 99% with peak systolic velocities Ͼ220 cm/s and internal carotid artery/common carotid artery Ͼ3.7. Stenoses of Ͼ80% were considered whenever end-diastolic velocity was Ͼ135 cm/s. 12 
Color Mapping
Color mapping was performed by 2 different experienced neurosonologists (F.S. and D.W.) who were unaware of the clinical history of the patients. All the images (B-mode) were taken simultaneously on the ultrasound device and on a personal computer. The best image appropriate for color mapping was considered and analyzed immediately by an in-house written program in Matlab 7.4 with image processing toolbox including GUI interface. Briefly, the frequency distribution of gray scale values of the pixels within the whole plaque or a region of it was used as the measurement of the echogenicity. The following steps were performed: the plaque was outlined automatically at its surface on its longitudinal section. For this, an algorithm was used to delineate the boundary between the color flow and the surface of the plaque. At the adventitial border, the plaque was outlined manually. All carotid plaques were then normalized with the use of the reference values of 0 (blood) and 190 (adventitia). Color mapping of the whole plaque and of its surface used red, yellow, and green according to the gray scale value. For this we used the following 5 thresholds: gray scale values Ͻ60, 50, 40, 30, and 20 mapped in red; between 60 and 90, 50 and 80, 40 and 70 mapped in yellow; and Ͼ90, 80, 70, 60, and 50 mapped in green. For each plaque, the proportion of each color present on the whole plaque and on its surface was assessed automatically. The surface was defined as the region located between the lumen (Level 0) and, respectively, 0.5, 1, 1.5, and 2 mm. [13] [14] [15] RI was derived from a previous work, which evaluated the ability of different parameters to predict cerebrovascular events in a cohort of patients with carotid stenoses. In a logistic regression model, only degree of stenosis and the predominance of the red color on the surface of the plaque were independent predictors of the presence of symptoms. RI was based on a combination of degree of stenosis and the proportion of the red color on the surface or on the whole plaque and was further calculated with the following formula: exp (Ϫ8.98404ϩ0.0458ϫdegree of stenosisϩ0.06018ϫproportion of red on the surf)
.0458ϫdegree of stenosisϩ0.06018ϫproportion of red on the surf)
Gray Scale Median Assessment of the Whole Plaque
Gray median scale (GSM) values of the whole plaque were obtained according to the method described by El-Barghouty and colleagues. 16 After automatic delineation of plaque surface on its longitudinal section and manual outlining at the adventitial border, the GSM of the frequency distribution of gray scale values of the pixels within the whole plaque was used as the measurement of the echogenicity. All carotid plaques were also normalized with the use of the reference values of 0 (blood) and 190 (adventitia).
Magnetic Resonance Imaging
In symptomatic patients, brain MRI was performed within a timespan of 48 to 72 hours; in asymptomatic patients, brain MRI was performed within a delay of 10 days after the detection of the carotid stenosis. The following sequences were used for evaluation: diffusion-weighted, T2-weighted, and fluid-attenuated inversion recovery. A lesion was considered as related to the carotid stenosis if located in the ipsilateral cortical or subcortical area with an embolic aspect or in a watershed area. When present on diffusion-weighted sequences, the lesion was considered as acute. Lacunar lesions were not considered as related to the carotid stenosis when associated with signs of diffuse microangiopathy. Lesions were considered as silent whenever not associated to neurological symptoms but still in the territory of the stenosed carotid artery. All images were reviewed by an experienced neuroradiologist (K.L.) who was not aware of the clinical history.
Statistics
Statistical analysis was performed according to t test (2-tailed). Receiver operating characteristic curves comparisons and logistic regression analysis were performed by means of MedCalc program and SPSS. A probability value of Ͻ0.05 was chosen as the level of significance.
Results
One hundred eighty-four 50% to 99% carotid stenoses from 162 patients were evaluated, 67 (36%) symptomatic and 117 (64%) asymptomatic. Twenty-two patients presented bilateral stenoses. MRI lesions considered as related to the carotid stenosis were present in 64 cases (35%). The baseline characteristics of the patients are further given in Table 1 . The proportion of moderate stenosis was significantly higher in the asymptomatic group, whereas high-grade stenoses were more frequently found in the symptomatic group (PϽ0.01).
The risk index was calculated in every patient, for every surface level, and for the 5 different thresholds. The mean value of the RI was significantly higher among symptomatic stenoses (0.46Ϯ versus 0.29Ϯ, PϽ0.0001; Figure 1 ). We calculated the mean RI values obtained from different surface levels and from the analysis of the whole plaque; the highest value was found within the 0-to 0.05-mm region ( Figure 2 ). Furthermore, on receiver operating characteristic curves, RI showed higher values than degree of stenosis or surface echogenicity alone ( Figure 3 ) and in a logistic regression model including age, gender, risk index, GSM of the whole plaque, RI measured within the surface region located at 0.5 mm from the lumen and based on the threshold of Ͻ60, Ͼ60, and Ͻ90, and Ͼ90 was the best predictor of the presence of symptoms (OR, 4.89; 95% CI, 2.7-8.7; Pϭ0.0000002). On grounds of receiver operating characteristic curves, we found that the best criterion to differentiate between symptomatic and asymptomatic stenoses was RI of Ͼ0.36 (sensitivity and specificity of 78% and 65%, respectively; Table 2 ; Figure 3 ). The cutoff values for the other parameters are shown in Table 2 . We found similar predictive values of the studied variables regarding the presence or absence of lesions on MRI (Table 2 ). An important proportion (42 of 117 [35%]) of patients with asymptomatic stenoses presented a RI Ͼ0.36. However, when looking at the presence of silent ischemic lesions on MRI, we found a statistically significant difference between the groups with a high Ͼ0.36 (4 of 42) and a low RI (Ͻ0.36; 0 of 75; PϽ0.01). An interrater agreement of 88% was obtained using either the cutoff value of 0.36 or a difference of Յ0.15 for the RI calculation between the 2 investigators. The lowest difference observed between the 2 investigators was of 0.0 and the highest of 0.4 (mean value of all the differences observed between the 2 investigators was 0.1). The value was 0.86.
Discussion
Although a number of characteristic features of plaque morphology, including echogenicity, structure, and surface, has been associated with an increased subsequent risk of cerebrovascular events, it is not known which 1 of these different parameters is actually the best predictor of such events. Most of the previous studies, focused on plaque morphology, mainly considered whole plaque features. Besides visual analysis of plaque echogenicity, 17,18 the most frequently method used for this purpose in recent years has been the GSM analysis with longitudinal, multiple crosssectional views as well as with pixel intensities distribution as an expression of plaque heterogeneity. 19 -24 The attempts to stratify carotid plaques according to clinical risk and using the GSM method have, however, not been uniformly successful, possibly because the GSM method represents a median value of different plaque components, attenuating thereby the effect of plaque regions at higher risk. Only few ultrasoundbased studies focused on plaque surface characteristics. Their results showed, however, evidence of low interobserver agreement as well as low predictive values. 25, 26 Moreover, it is known that the reliability of the ultrasound detection of plaque surface reduces as the degree of stenoses increases. 27 There has been 1 attempt in recent years to evaluate ultra- sonographically the surface of the plaque by measuring the fibrous cap; the method, however, was limited by the resolution of ultrasound ranging from 200 to 600 m and therefore not appropriate in some cases with very thin fibrous caps. 28 Various ultrasound studies put emphasis on the relation between hemodynamic and morphological parameters of the carotid plaque. Most of these considered in their analysis the whole plaque rather than the plaque surface. Gronholdt et al followed the incidence of ipsilateral ischemic strokes in asymptomatic and symptomatic patients and observed that echolucent plaques causing Ն50% diameter stenosis were associated with an increased risk of future stroke in symptomatic but not in asymptomatic individuals. 5 In another study, Aburahma and colleagues analyzed patients with Ͼ60% asymptomatic carotid stenoses according to ultrasonic plaque morphology and found that patients with heterogeneous plaques had a higher incidence rate of late stroke, transient ischemic attack, and progression to Ͼ70% or 70% stenosis than patients with homogeneous plaques. 8 Only a few studies considered plaque surface and degree of stenosis. Rothwell and coworkers with the use of conventional angiography included 3007 subjects from the European Carotid Surgery Trial (ECST) and found that plaque surface irregularity was associated with an increased risk of ipsilat- 
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eral ischemic stroke on medial treatment at all degrees of stenosis. 29 Another recent study by Griffin et al sought to determine in ultrasonic images of internal carotid artery plaques the diagnostic value of a juxtaluminal an echogenic area in the absence of a visible echogenic cap. In a multiple logistic regression model, increasing stenosis (mild, moderate, severe), GSM Ͻ15 and an echogenic cap Ն8 mm were associated with hemispheric symptoms. 30 These different parameters were however only considered separately in all of the mentioned studies and a combined approach has so far not been reported. Only 1 study established a score that included degree of stenosis, plaque surface irregularity, echolucency, and texture; the Total Plaque Risk Score resulted in being a strong predictor of subsequent ischemic events in 1348 subjects followed for 12 years. 31 There are, however, limited data regarding the reproducibility of the score taking into account the fact that inter-and intrarater agreement has been often reported as low when echogenicity and plaque surface were analyzed visually. 32 We have found in our study that RI values, based on the combination of degree of stenosis and plaque surface echogenicity, were significantly higher among symptomatic stenoses ( Figure 1) . Also, on the receiver operating characteristic curves, RI showed higher values as compared with degree of stenosis or surface echogenicity alone (Figure 3 ). Using the cutoff value of 0.36, this method differentiated symptomatic and asymptomatic stenoses with a sensitivity and specificity of 78% and 64%, respectively (Table 2) . We calculated further the mean RI values obtained from different surface levels and from the analysis of the whole plaque and found the highest value within the 0-to 0.5-mm region (Figure 2) . Moreover, in the present study, RI as well as surface echogenicity of the plaque yielded better predictive values than those obtained with the GSM method, reinforcing the hypothesis that echogenicity of plaque surface may be even a stronger predictor than the 1 of the whole plaque (Figures 3  and 4) . When further correlating RI with the presence of lesions on MRI in the symptomatic group, we also found similar predictive values as for the presence of symptoms (Table 2) . Interestingly, in the asymptomatic cohort, more than one third of the patients presented a RI Ͼ0.36. However, the presence of silent ischemic lesions on MRI was increased in this group as compared with those with a low RI (PϽ0.01), suggesting that RI may potentially identify high-risk plaques within an asymptomatic cohort (data not shown).
Conclusions
Among different parameters studied, including age, gender, degree of stenosis, surface echogenicity, gray median scale of the whole plaque, and RI, only RI measured within the surface region located at 0.5 mm from the lumen was significantly associated with the presence of symptoms. The best criterion to differentiate between symptomatic and asymptomatic stenoses was Ͼ0.36. RI may be therefore a valuable tool to assess the clinical risk of a carotid stenosis and should be further investigated in a prospective study.
